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I. INTRODUCTION 

Process fluid lubrication of space power turbo-machinery is necessary 

for reliability and efficient design. Where the process fluids are 

liquid metals, as, for example in Rankine Cycle turbo-machinery for 

space power, the combined effect of high operating speeds and low 

kinematic viscosities results in turbulence in the bearing fluid film. 

Until recently, there had been only limited interest in turbulent 

bearings, so that design data for this condition lags behind that 

available for laminar bearing films. In order to minimize expensive 

trial and error approach to bearing design with turbulent flui& films, 

sufficient design data has to be generated through theoretical analysis 

and accurate experiments, to bridge the current gap between laminar 

and super-laminar bearing operation. 

In the design of rotors supported in fluid film bearings, both the 

steady state and the dynamic properties of the bearings must be deter- 

mined and later coupled with the rotor characteristics in order to 

arrive at a satisfactory mechanical design. It is important therefore 

to determine accurately the fluid film, stiffness and damping co- 

efficients in super-laminar operation, as well as the load capacities 

and attitude angles of the bearings. It is also important to be able 

to predict the conditions in the fluid film, i.e. laminar, vortex or 

turbulent and the transition speeds from one region to the other, as 

functions of the lubricant properties, bearing eccentricity ratio, 

L/D and other factors, so that the appropriate data can be used in 
design calculations. It is the purpose of the current work under NASA 

Contract NAS-w-771, to: 

(a) determine theoretically and through accurate experiments 

both the steady state characteristics (load capacity and 

attitude angle) and the dynamic characteristics (stiffness 

and damping coefficients) of fundamental journal bearing 

configurations, over wide ranges of eccentricity ratio and 

and Reynolds number, extending well into turbulent regime. 
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(b) determine through accura te ,  fundamental experiments 

t h e  regimes of opera t ion  ( laminar ,  v o r t e x  and turbu-  

l e n t )  and t h e  t r a n s i t i o n  speeds from one regime t o  the  

o the r  as func t ions  of e c c e n t r i c i t y  r a t i o ,  both wi th  

and without  an imposed a x i a l  p re s su re  g rad ien t .  

(c) de f ine  t h e  l i k e l y  problem a r e a s  of ro to r -bea r ing  dynamics 

and of bear ing  power d i s s i p a t i o n  a s soc ia t ed  wi th  l i q u i d  

metal  l u b r i c a t i o n  of space power turbo-machinery. 

The experimental  s tudy  of t he  s teady s ta te  and dynamic c h a r a c t e r i s t i c s  

of t u rbu len t  bear ings are being conducted on a s p e c i a l l y  designed 

test r i g  us ing  a low v i s c o s i t y  (0.65 c.s.) s i l i c o n e  o i l .  The p a r a - .  

l l e l  t h e o r e t i c a l  a n a l y s i s  and ca l cu la t ions  are based on a t u r b u l e n t  

l u b r i c a t i o n  theory t h a t  was generated a t  M.T.I., us ing  the  formula- 

t i o n s  of eddy d i f f u s i v i t y  of Reichardt (Ref. 1) and Elrod (Ref.2), as 

w e l l  a s  t he  c l a s s i c a l  t e s t  da t a  on t u r b u l e n t  flows i n  p ipes ,  channels  

and boundary l aye r s .  The fundamental tests on flow s t a b i l i t y ,  

t r a n s i t i o n  speeds and f r i c t i o n  torque, i n  t h e  va r ious  flow regimes are 

being made both v i s u a l l y  and by torque measurements us ing  a v a r i a b l e  

speed r o t a t i n g  cy l inde r  test r i g  and s i l i c o n e  o i l s  of d i f f e r e n t  

v i s c o s i t i e s  (20, 5 and 0.65 c . s . ) .  

The program has t h r e e  p a r t s  as follows: 

A. Theore t i ca l  Study 

B. Dynamic Load Tests 

C.  Flow S t a b i l i t y  Tests 

These have t h e  fol lowing work items: 

A .  Theore t i ca l  Study 

1. Refine and program the  tu rbu len t  flow l u b r i c a t i o n  theory  t o  

inc lude  the  t i m e  dependent terms needed t o  c a l c u l a t e  bear ing  

dynamic p r o p e r t i e s .  



2 .  

3 .  

4 .  

Calculate dynamFc properties for a range of design and 

operating parameters and correlate results with experi- 

mental measurements. 

Present data on stiffness and damping of turbulent bear- 

ings in non-dimensional form to permit extrapolation to 

lubricants with different densities and viscosities. 

From such extrapolation and from consideration of rotor 

dynamics with flexible shafts, define likely problem 

areas of rotor-bearings systems for space power. 

B. Dynamic Load Tests 

1. Design and construct single-test-bearing apparatus incorp- 

orating means for applying known dynamic loads of independ- 

ently controllable frequency to the test bearing and then 

measuring the response of the bearing. 

2. Measure static and dynamic response of bearings operating 

in the turbulent flow regime. The bearing design parameters, 

experimental operating parameters and experimentally measured 

variables are as follows: 

Design Parameters Operating Parameters Me as ure d 
(Number of values to Variables 
be invesrigated given 
in parenthesis) 

Arc Length, p (2) Reynolds Number Eccentricity Rat io 
Center of Pressure 9 (1) Steady Load Attitude Angle P' Clearance Ratio,C/R? (1) Dynamic Load 
Slenderness Ratio,L/D,(l) Frequency Damping 

Stiff ness 

Supply Pressure Ps ( 2 )  

C. Flow Stability Tests 

Conduct fundamental experiments utilizing MTI's Flow Stability Test 

Rig which consists of a rotating inner and a stationary outer 

cylinders, similar in concept to the one used by G.I.Taylor to 

demonst.rate vortex flow. These experiments will determine the 
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manner i n  which flow s t r u c t u r e  v a r i e s  w i th  e c c e n t r i c i t y  r a t i o ,  

Reynolds Number and end leakage (L/D e f f e c t ) .  They w i l l  s e rve  

t o  de f ine  the  regions of t r a n s i t i o n  t o  vo r t ex  and tu rbu len t  

flow i n  bear ing  f i lms  and, hence, t he  ranges i n  which laminar 

and tu rbu len t  t heo r i e s  should be app l i ed  i n  bear ing  design.  

The program schedule  c h a r t  follows. I n  t h e  subsequent s e c t i o n s  of 

t h i s  r e p o r t ,  t h e  progress  i n  t h e  second q u a r t e r  and t h e  work i t e m s  

f o r  t h e  t h i r d  q u a r t e r  a r e  l i s t e d .  F i n a l l y ,  a d i scuss ion  s e c t i o n  i s  

given which descr ibes  the  work performed during t h e  second q u a r t e r  

i n  g r e a t e r  d e t a i l .  



c 
0 

m 

u 
-4 
E m 
C 
h n 

hl 

3 
0 



11. SUMMARY OF PROGRESS DURING 2nd QUARTER 

A .  

1. 

2. 

3 .  

Theore t i ca l  Study 

The t u r b u l e n t  l u b r i c a t i o n  a n a l y s i s ,  t h a t  was generated a t  

M.T.I. i n  connection wi th  o ther  work on t u r b u l e n t  l u b r i c a t i o n ,  

was extended, under t h e  cu r ren t  s tudy ,  t o  inc lude  dynamic 

loading and squeeze f i lm  v e l o c i t i e s .  The bear ing  equa t ion ,  

inc luding  t h e  t i m e  dependent terms has been programmed f o r  

s o l u t i o n  t o  I .B .M.  7090 computer. 

A pre l iminary  c a l c u l a t i o n  of t h e  dimensionless  s t i f f n e s s  and 

damping c o e f f i c i e n t s  of p l a i n  c i r c u l a r  and p a r t i a l  a r c  bear -  

i ngs ,  over a range of Reynolds Numbers up t o  12,000 was made. 

Subsequently however, an e r r o r  i n  the  computer program l o g i c  

w a s  found which a f f e c t e d  some of t h e  c a l c u l a t e d  da ta .  This 

program e r r o r  has been cor rec ted  and t h e  c a l c u l a t i o n s  were 

repeated.  

of design c h a r t s .  

The d a t a  i s  c u r r e n t l y  being prepared i n  t h e  form 

Two a u x i l i a r y  computer programs were w r i t t e n  t o  f a c i l i t a t e  

t he  reduct ion  of t h e  dynamic load  test da ta .  The f i r s t  of 

t hese  uses  t h e  readings of each set  of e i g h t  d a t a  po in t s  t o  

compute the  corresponding values  of t h e  e i g h t  s p r i n g  and damp- 

ing  c o e f f i c i e n t s ,  f o r  d i r e c t  comparison wi th  t h e  t h e o r e t i c a l  

va lues  of t hese  c o e f f i c i e n t s .  The second computer program is  

based on an a n a l y s i s  (which i s  given i n  Appendix 2 of t h i s  

r epor t )  wherein t h e  sets of e i g h t  s p r i n g  and damping c o e f f i -  

c i e n t s  are reduced t o  sets of four  equ iva len t  s p r i n g  and damp- 

i n g  c o e f f i c i e n t s ,  which a r e  more convenient f o r  des ign  cal-  

c u l a t i o n s  on ro to r -bea r ing  dynamics. (These four  equ iva len t  

c o e f f i c i e n t s  are s i m i l a r  t o  t h e  ones used by Hagg and Sankey 

(Ref.3) i n  t h e i r  t h e o r e t i c a l  and experimental  s tudy  of dynamic 

bear ing  c h a r a c t e r i s t i c s  i n  laminar regime, except  t h a t  t h e  

or thogonal  r e fe rence  axes used i n  Ref. 3 are t h e  major and 
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1. I h e  manufac'bricg cf t h e  t c s r .  r i g  and L E S E  bear ings  was 

completed. The t e s t  r i g  was i r r s t a l l e d .  i3strumented and 

checked c > ~ l t .  a f t e r  which rhe Experimental program was 

scarzed  



e f f e c t  cf  the feeding condi t ion i s  much reduced and, 

(b) t o  conduct t he  bulk of the  t e s t  e f f o r t  i n  t h i s  program, 

including the  pressure  p r o f i l e  measurements, wi th  the  p a r t i a l  

a r c  b e a r x g s ,  where the  feed  e f f e c t s  can be e l imina ted .  (rt  
should be noted here  t h a t  the e f f e c t  of feeding pressures  

t h a t  were found i n  tests are a l s o ,  an  important cons idera t ion  

i n  high speed: l i q u i d  metal l u b r i c a t e d  bear ings .  The reason 

f o r  t h i s  i s  t h a t  t he  mean un i t  loading of such bear ings ,  due 

t o  low visc0si t .y  and r e l a t i v e l y  l a r g e  c learances  a r e  of order  

10 p s i g ,  just as i n  t h e  case of t he  cu r ren t  t e s t  bear ing.  

Silbambient pressures  as low a s  - 5  ps ig  can be generated i n  t h e  

diverging regions of s u c h  high speed bear ings ,  depending on 

geometry, feeding condi t ions,  vapor pressure  and o the r  f a c t o r s .  

Thas, t h e  subambient p r e s s u r e s  a r e  only moderately smaller i n  

magnitude than t h e  pos i t i ve  pressures  generated hydrodynamically 

i n  the  converging regions of t h e  bear ing  and correspondingly 

l a r g e  a t t i t u d e  angles  may b e  encountered. This  has not  been the  

case  i n  p r i o r  experience with bear ings l u b r i c a t e d  wi th  conven- 

t i o n a l  o i l s ,  where t h e  mean u n i t  loading i s  of order  10 . I n  

these  cases ,  t he  e f f e c t  of the  subambient pressures  i n  the  con- 

verging reg ion  i s  general ly  neg l ig ib ly  s m a l l ) .  

1 

2 

3. The s teady  s t a t e  load t e s t s  were conducted wi th  the  4" diameter :  

4" long, 100 

r a t i o ,  over a range of mean c learance  Reynolds Numbers from 

1665 t o  8314. The agreement between experimental  and t h e o r e t i c a l  

load capac i ty  was general ly  very good and provided encouragigg 

v 2 r i f i c a t r o n  of t h e  theory.  Comparison of measured and c a l c u l a t e d  

a t t i t a d e  angles  w a s  a l s o  s a t i s f a c t o r y ,  however t h e r e  was some sca rce r  

of t e s t  dara  a r  low e c c e n t r i c i t y  ra t ios ,be low 0 . 3 ,  due t o  the  smail  

hydraul ic  u n i r  loading.  

0 p a r t i a l  a r c  bear ing wi th  Z X ~ O - ~  i n / i n  c learance  
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4 .  The dynamic load tests were s t a r t e d  a t  t h e  end of t h e  c u r r e n t  

r e p o r t i n g  per iod.  These t e s t s  and da ta  r educ t ion  a r e  c u r r e n t l y  

i n  progress .  A d i scuss ion  of two methods f o r  eva lua t ing  sp r ing  

and damping c o e f f i c i e n t s  from these  tests i s  given i n  t h i s  

r e p o r t .  

C. Flow S t a b i l i t y  Tests 

1. Trans i t i on  from laminar t o  vor tex  regime was obtained a t  

e c c e n t r i c i t y  r a t i o s  from 0 t o  0.891. These were determined 

both v i s u a l l y  and by torque measurements and t h e  da t a  i s  p r e -  

sen ted  i n  t h i s  r epor t .  Comparison wi th  t h e  r e s u l t s  o the r  ex- 

per imental  work i n  t h i s  area i s  also  given. 

2. Conventional and high speed photographs of t h e  v o r t e x  flow 

of d i f f e r e n t  regions around the  circumference of t h e  c y l i n d e r ,  

a t  d i f f e r e n t  e c c e n t r i c i t y  r a t i o s  have been made i n  order  t o  

s teady  t h e  i n t e n s i t y  of vor tex  a c t i o n  i n  these reg ions .  The 

high speed photographs were made wi th  a FASTEX camera on loan 

from NASA. A motion p i c tu re  record  has a l s o  been made of t h e  

t r a n s i t i o n  t o  vor tex  regime and hence t o  h igher  wave i n -  

s t a b i l i t i e s .  
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111. WORK ITEMS FOR THIRD QUARTER 

A. Theoretical Study 

1. The calculated steady state and dynamic data will be 

plotted in dimensionless design charts to show: 

Load 
Attitude Angle 
Stiffness Coefficients 
Damping Coefficients 

as functions of eccentricity ratio and Reynolds Number 

for the plain circular and partial arc bearings. 

2. The degree of correlation between the theoretical and 

experimental data will be determined and discussed. 

B. Dynamic Load Tests 

1. Complete the dynamic load tests with the two partial arc bear- 

ings and the 360' bearing. The tests with the 360° bearing 

will be made only at eccentricity ratios greater than 0.65. 
Load capacity, attitude angle, stiffness and damping co- 

efficients will be obtained as functions of eccentricity ratio 

up to a Reytlolds Number of 16,000 for the ~ x I O - ~  in/in clear- 

ance ratio bearings and 8000 for the Z X ~ O - ~  in/in clearance 

ratio bearing. 

2. The measurements of axial and circumferential pressure profiles 

will be made with a partial arc bearing. 

taps will be arranged so as to measure the pressure at 5 points 

on the circumferential mid plane and at 5 points transversing 

the bearing axially. 

Approximately 9 pressure 



C. Flow S t a b i l i t y  T e s t s  

1. Continue the  flow s t a b i l i t y  tests up t o  a Reynolds Number of 

approximately 40,000 i n  order t o  measure t h e  f r i c t i o n  f a c t o r  

as a func t ion  of e c c e n t r i c i t y  r a t i o  and Reynolds Number 

throughout t h i s  range and t o  determine the  flow regimes i n  

t h i s  range. 

2. Conduct a d d i t i o n a l  tests throughout t h e  range of Reynolds 

Numbers up t o  40,000 and e c c e n t r i c i t y  r a t i o s  up t o  0.9, 

w i th  an  a x i a l  p ressure  grad ien t  imposed i n  the  annular  r e -  

gion between t h e  cy l inde r s ,  i n  order  t o  determine the  

e f f e c t s  of an a x i a l  flow on f r i c t i o n  and t r a n s i t i o n  speeds. 



I V .  DISCUSSION 

A .  Theore t i ca l  Study 

I n  t h e  f i rs t  q u a r t e r l y  r e p o r t  (Ref.5) t h e  t h e o r e t i c a l  a n a l y s i s  of tu rbu-  

l e n t  l u b r i c a t i o n  t h a t  w a s  i n  progress a t  M.T.1, was b r i e f l y  descr ibed.  

This  a n a l y s i s  was developed i n  connection wi th  o the r  work on turbulen t  

l u b r i c a t i o n  and extended under the c u r r e n t  c o n t r a c t  t o  allow treatment  

of dynamic loads.  This ana lys i s  has s i n c e  been completed and i s  de- 

s c r i b e d  i n  References 6 and 7 .  For convenience of re ference ,  t he  m a t h e -  

m a t i c a l  ana lys i s  lead ing  t o  t h e  turbulen t  l u b r i c a t i o n  equat ion i s  re- 

produced he re  i n  Appendix 1. 

A s  noted i n  Ref. 5 t h e  b a s i s  of t h e  a n a l y s i s  i s  the  eddy d i f f u s i v i t y  

concept , where 

where the  eddy 

( r e f .  1). 

t h e  shear  s t ress  i s  def ined  by: 

* 

d i f f u s i v i t y  i s  determined from Reichard t ’s  formulat ion 

I ’ = k(y+ - 6; Tanh f ) 
V 6, 

#j + The cons tan ts  k and €ij were obtained by comparison wi th  t h e  publ ished da ta  

on tu rbu len t  flows i n  p ipes ,  channels and boundary l aye r s .  It w a s  found 

t h a t  t hese  cons tan ts  are; k = 0.4, and E j  = 10.7. 

e x c e l l e n t  c o r r e l a t i o n  i s  found with the  experimental  da t a ,  a s  shown i n  

Fig.  1 which shows the  Universal  Veloc i ty  D i s t r i b u t i o n  P l o t  (Ref.8).  

+ With these  va lues ,  

The s o l i d  l i n e  i n  Fig.  1 is the  Three Region Formula curve which s a t i s f i e s  

the  experimental  da t a  throughout the laminar,  b u f f e r  and tu rbu len t  l a y e r s ,  

a s  descr ibed  i n  Ref.8. 

cu l a t ed  by means of t h e  above equat ions,  w i th  k = 0.4 and = 10.7. I t  

i s  seen t h a t  very good agreement holds throughout t he  range. I n  Appendix 1, 

the  de r iva t ion  of t he  tu rbu len t  bearing equat ion  i s  given, s t a r t i n g  from t h e  

above formulation of t h e  eddy d i f f u s i v i t y  f o r  t he  flow i n  the  f l u i d  f i lm .  

The dashed l i n e  i n  F ig .  1 shows t h e  va lues  ca l -  
+ 

* See Nomenclature of Appendix 1 f o r  d e f i n i t i o n  of t h e  symbols. 



The r e s u l t i n g  equat ion f o r  t u rbu len t  l u b r i c a t i o n ,  given ir! Appendix 1, 

was programmed f o r  numerical i n t e g r a t i o n  en t.he I . B , M .  7090. Com- 

pa r i sons  have been made wi th  t h e  experimental  da ta  R e f ,  i c .  These a r e  

shown i n  F igs .  2a and 2b. 

F ig .  2a shows t h e  p l o t s  of: 

1. the  measured values  of load vs  e c c e n t r i c i t y  r a t i o  r epor t ed  i n  

Ref.1, a t  two super-laminar speeds. 

2 .  t h e  corresponding, t h e o r e t i c a l  va lues  c a l c u l a t e d  from t h e  t u r b u l e n t  

l u b r i c a t i o n  equat ion der ived i n  Appendix 1. 

3 .  t he  t h e o r e t i c a l  values  ca l cu la t ed  us ing  Constant inescu 's  equa t ion -  

which was descr ibed i n  our previous qt iarcer ly  r e p o r t .  (These a r e  

shown i n  Fig.  2a only f o r  the h ighe r  speed c o n d i t i o n ) .  

This  f i g u r e  shows t h a t  t h e r e  i s  a good agreement between t h e  turbulent: 

l u b r i c a t i o n  theory of Appendix 1 and t h e  t e s t  d a t a .  

Figure 2b shows s i m i l a r  comparisons f o r  a t t i t u d e  ang le  vs e c c e n t r i c i t y  

r a t i o .  Again agreement is s a t i s f a c t o r y .  

0 Fur ther  comparison between t h i s  theory and t e s t  da t a  obtained w i t h  a 60  

bear ing  a r c  a t  Reynolds Numbers up t o  9000 a re  given i n  Ref. 7 ,  and show 

s i m i l a r l y  s a t i s f a c t o r y  c o r r e l a t i o n .  La te r  i n  che p r e s e n t  r e p o r t ,  t h e  steady 

s t a t e  da t a  obtained t o  d a t e  i n  t h e  c u r r e n t  program i s  a l s o  compared wi th  t h e x y .  

It  should be pointed ou t  he re  t h a t  whi le  a l l  t h e  comparisons made t o  d a t e  

between s t eady  s t a t e  experimental da t a  obtained wi th  t u r b u l e n t  bear ings and 

t h e  t h e o r e t i c a l  p red ic t ions  using t h e  l i n e a r i z e d  t u r b u l e n t  bear ing  equat ion 

t h a t  was de r ived  a t  M.T.I. have been encouraging, much work remains t o  be 

done i n  t h i s  area.  Notably, t h e o r e t i c a l  work needs t o  be done t o  s tudy  p res so re  

gene ra t ion  i n  t h e  vo r t ex  regime. Also extensions of t he  theory are  needed t o  

t r e a t  cases  where t h e  P o i s e u l l e  flow camponents a r e  ve ry  l a r g e  as i n  thc  cas2 

i n  L u r h u l e u t  h y b r i d  bear ings.  



F i n a l l y ,  t h e  computer program tha t  was w r i t r e n  t o  nJmerical lv  :n- 

t e g r a t e  the  tu rbu len t  bear ing eqIdat ion has  been extrended t a  a i l o u  

a l s o  c a l c u l a t i o n s  under dynamic load condi t ions as  rsqufred f o r  

t h e  c u r r e n t  i n v e s t i g a t i o n .  The s t i f f n e s s  and dampirlg c o e f f l c l e n t s  

were computed f o r  t he  360 and t h e  100 bear ings,  however an e r r o r  

i n  program l o g i c  was subsequently found. This has sLpce been 

c o r r e c t e d  and t h e  va lues  of s t i f f n e s s  and damping c o e f f i c i e n t s  were 

r e -ca l cu la t ed .  These are  now being p l o t t e d  i n  design c h a r t  form 

and used f o r  comparison with t h e  dynamic load t e s t  da t a .  

0 0 

P 
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B. Dynamical Load Tests 

Apparatus and Instrumentat ion 

The dynamic load bear ing apparatus,  Fig.  3 i s  descr ibed i n  some de- 

t a i l  i n  Ref. 5 .  3 r i e f l y ,  the t e s t  bear ing i s  loca ted  a t  one end of 

a long s h a f t  (L/D = 10) with preloaded angular  con tac t  b a l l  bearings 

a s  support  bear ings a t  t h e  o the r  end. S t eady- s t a t e ,  u n i d i r e c t i o n a l  

l oad  i s  app l i ed  through a s e l f - a l i g n i n g  b a l l  bear ing mounted j u s t  

outboard of t h e  test  bearing. Synchronous r o t a t i n g  load can be app l i ed  

by unbalance weights secured t o  a d i s k  on t h e  end of t h e  s h a f t  outboard 

of t h e  u n i d i r e c t i o n a l  load bearing. 

independent of s h a f t  r o t a t i o n a l  speed may be a p p l i e d  by unbalance 

weights secured t o  the  ou te r  race of a double-row b a l l  bea r ing  whose 

i n n e r  r a c e  i s  mounted on t h e  s h a f t  i n  p l ace  of t h e  d i s k  used f o r  

Rotat ing load a t  any frequency 

synchronous load. A separate small un ive r sa l  e l e c t r i c  motor i s  coupled 

t o  t h e  housing f o r  t h e  o u t e r  r ace  of t h i s  bea r ing  t o  d r i v e  i t  and t h e  

a t t ached  unbalance weights i n  e i t h e r  d i r e c t i o n  a t  any speed up t o  20,000 rpm. 

The main s h a f t  i s  coupled t o  a va r i ab le  speed (2000 t o  11,000 rpm) e lec t r ic  

d r i v e  by a f l e x i b l e - d i s k  coupling. 

a cab le  and pu l l ey  by a l a rge ,  s o f t  (125 l b / i n )  c o i l  s p r i n g  wi th  a maxi- 

mum capac i ty  of about 1200 l b s .  

Un id i r ec t iona l  load i s  app l i ed  through 

Lubricant  is  suppl ied t o  t h e  test bear ing by an air-motor d r i v e n  gear  

pump and i s  scavenged from each end by s e p a r a t e  e l e c t r i c  motor d r iven  

p o s i t i v e  a c t i o n  pumps. 

co ld  wa te r -o i l  h e a t  exchanger and e l e c t r i c  immersion h e a t e r  i n  the  sump. 

Bearing temperature i s  measured by a thermocouple mounted f l u s h  with t h e  

s u r f a c e  a t  t h e  t r a i l i n g  edge of the pad. The test  l u b r i c a n t  i s  a s i l icoce 

f l u i d  of 0.65 C.S.  v i s c o s i t y  a t  77 F and a v i s c o s i t y  temperature cu- 

I n l e t  l ub r i can t  temperature i s  c o n t r o l l e d  by a 

v i s c o s i t y  a t  210 F> of o.31. Lubricant v i s c o s i t y  used i n  efficient - v i s c o s i t y  a t  100 F 
determinat ions of Reynolds and Sommerfeld Numbers i s  taken as being the  

v i s c o s i t y  a t  t he  temperature midway between t h e  o i l  i n l e t  and bea r ing  

t r a i l i n g  edge measurements. 
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The p r i n c i p a l  instrumentat ion items include eddy-current proximity 

senso r s  t o  determine the  s h a f t  pos i t i on  w i t h i n  the  bear ing clearance,  

p i e z o e l e c t r i c  c r y s t a l  f o r c e  transducers LO measure the dynamic com- 

ponent of t he  force app l i ed  t o  t h e  bea r i cg  through t h e  o i l  f i lm ,  and mag- 

n e t i c  pickups t o  mark the  t i m e s  when t h e  r o t a t i n g  load i s  ho r i zon ta l  

and v e r t i c a l .  The displacement probes a r e  loca t ed  o u t s i d e  t h e  scaveng- 

i n g  and seal r i n g s  thus avoiding the  problems a s s o c i a t e d  with a mixture  

of a i r  and l u b r i c a n t  i n  t h e  gap between probe f ace  and r e fe rence  surface.  

P rov i s ion  i s  made f o r  mounting probes a t  both ends of t h e  t e s t  bea r ing  

housing. Simultaneous measurements a t  both ends have ind ica t ed  t h a t  a 

l i n e a r  c o r r e c t i o n  f o r  a x i a l  probe o f f s e t  from t h e  bear ing c e n t e r - l i n e  

assuming a p ivo t  po in t  a t  the support bear ing end i s  c o n s i s t e n t  w i t h  t h e  

est imated accuracy of about four percent  of t h e  bear ing c l ea racce .  

There has been some d i f f i c u l t y  with i n t e r a c t i o n s  between t h e  h o r i z o n t a l  

and v e r t i c a l  fo rce  gages; t h a t  i s ,  a p p l i c a t i o n  of  a fo rce  with a known 

d i r e c t i o n  r e s u l t s  i n  a response i n d i c a t i n g  a f o r c e  a p p l i e d  a t  a small  

ang le  t o  the  a c t u a l  d i r e c t i o n .  There are s e v e r a l  explanat ions f o r  t h i s  

i nc lud ing  e l a s t i c  deformations of t h e  bear ing r i n g  and t h e  housing and t h e  

f a c t  t h a t  t h e  gages respond t o  shear as w e l l  as normal fo rces .  The fo rce  

gages a r e  c a l i b r a t e d  wi th  t h e  s h a f t  r o t a t i n g  by applying known 

t o  t h e  s h a f t  through t h e  s t eady- s t a t e  load bear ing.  

t o  t h e s e  c a l i b r a t i o n  loads i s  l i n e a r  although t h e r e  i s  a 20 degree ang le  

between the i n d i c a t e d  and a c t u a l  d i r e c t i o n s  of fo rce  a p p l i c a t i o n .  Corr- 

e c t i o n  f o r  t h i s  i n  dynamic load experiments i s  made by t ak ing  the measure- 

ments w i t h  t h e  osc i l l o scope  s e t  f o r  X - Y p r e s e n t a t i o n  and using t h e  l i n e s  

c f  i n d i c a t e d  d i r e c t i o n  f o r  ho r i zon ta l  and v e r t i c a l  fo rce  as the  reference 

coordinates  i n  p l ace  of t h e  normal X - Y g r i d .  

have been made a t  several s h a f t  speeds (2000 and 7000 rpm) over a range o f  

e c c e n t r i c i t i e s ,  achieved by varying average s t e a d y - s t a t e  load,  with no 

s i g n i f i c a n t  d i f f e rences  over t he  range of load v a r i a t i o n  expected i n  dyrza- 

mic load experiments. 

fo rces  

The f o r c e  gage response 

Force gage c a l i b r a t i o n s  
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The outputs  of both fo rce  and displacement sensors  have been chara-  

c t e r i z e d  by a c e r t a i n  amount of  high frequency "noise" caused by 

such f a c t o r s  as inhomogeneity of the  s h a f t  m a t e r i a l ,  magnetic f i e l d s  

of t h e  s h a f t ,  and no i se  generated by t h e  r o l l i n g  con tac t  load and 

suppor t  bear ings .  These e f f e c t s  a r e  e l imina ted  from t h e  t ransducer  

s i g n a l s  by passing through a va r i ab le  e l e c t r o n i c  f i l t e r  s e t  f o r  lcw 

pass  opera t ion .  B e l o w  synchronous frequency d is turbances  i n  t h e  form 

of p a r t i a l  frequency wh i r l  also occur over p a r t  of t h e  range of opera- 

t i o n .  These e f f e c t s  can be  f i l t e r e d  ou t  by a high pass  f i l t e r  s t a g e  

and meaningful r e s u l t s  can be obtained providing t h e  p a r t i a l  frequency 

w h i r l  amplitude i s  no t  l a r g e  compared wi th  t h e  synchronous o r b i t  

amplitude.  
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Steady S t a t e  Load Capacity Experime:.ts 

Measurements of s t e a d y - s t a t e  load capac i ty  of bear ings operar ing  i n  the 

super-laminar flow regime a r e  being made f o r  c o r r e l a t l o ?  wi th  :he L L r -  

b u l e n t  flow theory.  There are very f e w  data a v a i l a b l e  I n  thc l l*AeraCtire 

f o r  t h i s  purpose and accumulation uf t h i s  information i s  a natclral  pre-  

l iminary  s t e p  t o  dynamic load expe r imen t~ .  These Experiments have a l s o  

served t o  po in t  ou t  s eve ra l  spec ia l  problems a s soc ia t ed  wi th  exper i -  

mental  opera t ion  of bear ings i n  superlaminar flow. 

Lubricant  Feed Ef fec t s  

The operat ing condi t ions of g r e a t e s t  Fn te re s t  i r ~  sxpe r l an ina r  flow 

bear ings  are characrer ized  by very low u n i t  loads and l a r g e  f i l m  

Reynolds numbers. This combinaticn of condi t ions has been f c x - 3  t c  

r a i s e  t o  prominence c e r t a i n  e f f e c t s  a s soc ia t ed  wizh the  supply o f  

l u b r i c a n t  t o  t h e  bear ing  which are  normally of secondary importance.  

The f i r s t  bear ing  t e s t e d  w a s  t h e  360 degree c y l i n d r i c a l  bear ing  wirh  

a s i n g l e  feed hole  loca ted  180 degrees from the  load d i r e c t i o n .  Tc 
immediately became apparent  t h a t  t h e  s h a f t  cen te r  locrrs f o r  given 

condi t ions  of load and speed w a s  dependent on l u b r i c a n t  de l ive ry  r a t e .  

Very low feed rates r e s u l t e d  i n  typ ica l  s t a rved  bear ing  c h a r a c t e r l s t i c s  - 
i . e . ,  l a r g e  e c c e n t r i c i t y  and low a t t i t u d e  angle .  I f  de i ivery  raLe was 

progress ive ly  increased ,  t h e  e c c e n t r i c i t y  decreased and a t t i t a d e  a;lgAe 

increased  i n  what appeared t o  be a nea r ly  cont inuom fash ion  m ~ i l  a 

c l a s s i c a l  Sommerfeld type of behavior wi th  90 degree a t t i w d e  acg le  ar,d 

PO f i l m  rupture  w a s  approached. At c h i s  p o i n t ,  t h e  feed de l ivery  p r? s -  

s u r e s  were l a r g e  enough s o  t h a t  bear ing loading from t h i s  cause was s i g n i -  

f i c a n t  i n  terms of t h e  e x t e r n a l  u n i t  load.  Severa l  cyplca i  examples of 

t h e  s h a f t  locus measurements and izhe e f f e c t s  of feed pressur;  on them 

are shown i n  F i g . 4  . Fur ther  increases  i n  feed pressure ,  above those . 

€or which da ta  a r e  given i n  Fig.  4 r e s u l t e d  i n  a t r i t u d e  angles  

approaching 90 degrees f o r  a l l  values of e c c e n t r i c i t y .  
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A major reason f o r  oDzaining dz ra  o-. .-Fie 340 c=gree  D ~ Z  w a s  r i i r  

5acz t h a t  it. can be considered as a s t s n i a r d  c r  rtEerenc5 o a r l u g  

However, i n  rhe ideal1zE.d szandarrf b tarrr-3.  f i i m  rup r J re  ccc..rs u- :ks , r  

rh cllvuL 7 -  3 reg ions  of  t h ~  film W W ~ P  s ~ ~ ~ z i m h i ~ n - r  prtssl-rr '  T J . ~ ~ ~  i d  c_tr_herw- q- 

p r e v a i l  and lubr icapr  i s  suppl ied a r  a r a t e  s ~ , t f l ~ ~ e r t -  - c  IUS. m a k e  

up f o r  end leakage 10 the  Icadrd r e g i o n .  The p ~ s b l c m  bere i s  t ha t  w ~ t h  

the  h igh  f i l m  ReynoLds Numbers aria lob  1r.it. l o a d s  cf  the  c 2 s t  b e a r i r g  

a t  low e c c e n t r i c i t i e s ,  t hese  standard condir ioqs appear r c  e x i s t  f o r  

only a narrow range of l u b r i c a n t  feed cond i t ions  which is ?cT-, r 2 a d i l y  

i d e n t i f i a b l e .  

A s2ccnd problem wi th  t h e  360 d e g r e ?  bLdr1L.g 1 s  &I-; 1 ?derlCTj - c  = x f ~ i b ~ t  

p a r t i a l  frequency whir l  when o p e r a t i n g  JrclFr ccrd :  : i ' ~ f i s  c.f 1 1 1 r ~ 3 ~ r a c t  tc 

e c c e n t r i c l t y .  Up t o  a p o i n t  it i s  possiblt tc ~ p ~ r a r '  arld ooralr, daca 

even wi th  wh i r l  because t h e  wh i r l  orbxt ampli:tde LS -cmparativeiy s m a i ~  

dlie t o  o i l  f i l m  damping. Howevcr a s  speed is -ncrr_assd 3r load i s  

reduced t h e  o r b i t  amplitudes grow u r t i l  i t  i s  nc i c p g - r  p c s s ; b i ~  r c  

adequately f i l t e r  t h e  w h i r l  frequf--cv which 1s ar_ abcur ha1 t syPchronoUAs 

frequency from the t ransducer  s i g n a l s .  Tln a d d i r i i n .  t hc r?  Carl be  a 

considerable  c y c l i c  va r i a t io r l  i n  r_he synchrmous load rSspor.s? causE': by 

t h e  v a r i a t i o n  i n  the cent3-r pcsir.lcn c €  the synchrcrous c r b i c  d u e  r~ 

w h i r l i n g  motiorz. Thlls ~ w h i r l  r e s t r i c t s  tbr- range of s t e a d y - s r a r a  

e c c e n t r i c i t y  ~ a t i c s  over w h l c h  dynapic icad  IaEa may be cbr_aired ~ s p -  

e c i a l l y  a t  high speeds ,  and  e s p ~ c r a - l y  wi th  rhs  360 degree c y i i p 3 r i s a l  

bear ing.  
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The f i r s t  p a r t i a l - a r c  bear ing  conf igura t ion  t e s t e d  is i l l u s t r a t e d  

schemat ica l ly  i n  Fig. 5 a .  

ang le s  were obtained,  commonly g rea t e r  than 90 degrees a t  l i g h t  

l oads ,  and always l a r g e r  than t h e o r e t i c a l  p red ic t ions .  The explana- 

t i o n  f o r  t h i s  w a s  be l ieved  t o  be l u b r i c a n t  i n e r t i a  e f f e c t s  a t  t he  

With t h i s  bear ing ,  very l a r g e  a t t i t u d e  

bear ing  a r c  en t rance ,  t h a t  i s ,  build-up of a v e l o c i t y  head i n  t h e  

r eg ion  j u s t  ahead of t h e  s t e p  a t  t h e  bear ing  en t r ance  r e s u l t i n g  i n  

hydraul ic  s i d e  loading. D i f f e r e n t i a l  p re s su re  measurements were 

made between t h i s  l o c a t i o n  and t h e  top  of t he  bear ing.  Pressure  

d i f f e r e n c e s  of about 1.5 p s i  a t  2000 rpm and up t o  5 p s i  a t  high 

speeds were measured. To co r rec t  t h i s  s i t u a t i o n ,  r e l i e f  o r  bypass 

grooves were c u t  i n t o  t h e  s i d e s  of t he  bear ing  under t h e  bear ing  a r c  

as shown i n  Fig.  5 b ,  t o  equate  pressures  a t  en t rance  and exit .  The 

grooves extend i n t o  t h e  bear ing from each s i d e  t o  wi th in  1/4 inch of 

t h e  c e n t e r l i n e  so t h e  bear ing  pad is supported by a 1 / 2  inch  t h i c k  

web along i ts  c e n t e r l i n e .  This  modi f ica t ion  has been e f f e c t i v e  f o r  

condi t ions  r e s u l t i n g  i n  e c c e n t r i c i t y  r a t i o s  g r e a t e r  than about .3. 
A t  lower e c c e n t r i c i t i e s  t he  u n i t  loads are so s m a l l  t h a t  even wi th  

the  bypass grooves t h e r e  i s  s u f f i c i e n t  hydraul ic  s i d e  loading  t o  

s i g n i f i c a n t l y  a f f e c t  t h e  a t t i t u d e  angles .  

Load Capacity of t h e  looo Arc Bearing 

S teady- s t a t e  load capac i ty  da t a  f o r  t h e  100 degree a r c  bear ing  wi th  

bypass grooves and L/D of 1 and C/R = 2x10 

s i l i c o n e  l u b r i c a n t  a r e  p l o t t e d  i n  F igs .  6 through 9 f o r  comparison 

wi th  the  t h e o r e t i c a l  p red ic t ions  of t h e  eddy v i s c o s i t y  tu rbu len t  flow 

bear ing  theory. It should be pointed out  t h a t  t h e  t h e o r e t i c a l  curves 

given he re  were obta ined  before  complete check out  of t h e  computer 

program and, t h e r e f o r e ,  must be considered t o  be pre l iminary .  The 

t h e o r e t i c a l  curve f o r  Reynolds number of zero  (laminar flow) i s  included 

on each f i g u r e  f o r  comparison fo r  load ca r ry ing  capac i ty .  The a g r e m e n t  

between experimental  and t h e o r e t i c a l  r e s u l t s  i s  gene ra l ly  very  good and 

r ep resen t s  encouraging v e r i f i c a t i o n  of t h i s  new, improved t u r b u l e n t  flow 

Iubr ica t iDn theory.  The tu rbu len t  flow l u b r i c a t i o n  theory  and suppor t ing  

experimental  da t a  i n d i c a t e  an increase  i n  load ca r ry ing  capac i ty  over  

-3 h / i n  us ing  t h e  0.65 C.S .  
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laminar flow performance with the difference increasing with 

Reynolds number. This is consistent with previous theoretical 

and experimental results. There is a noteworthy feature of the 

data for Reynolds' number of 1665 (Fig. 6 ). 
in load capacity between .8 and .85 eccentricity may be an indi- 

cation that transition from superlaminar to laminar flow has occurred. 

There is some indication of a similar change beginning to occur at 

the highest eccentricity data point for Reynolds' number of 3326 

(Fig. 7 ). A well defined similar change in load capacity at the 

apparent flow transition point has been observed in other experiments 

with partial-arc bearings in the superlaminar flow regime (Ref. 9 )  

Shaft locus data are plotted in Fig.10 for comparison with the 

theoretical predictions. Here again the agreement is generally good 

although there is some scatter. The effects of hydraulic side load- 

ing at eccentricities below . 3  are evident. The theoretical laminar 

flow shaft locus curve is also plotted in Fig.10 for comparison. Con- 

sistent with the higher load capacity, some increase in attitude angles 

with higher Reynolds numbers for a given eccentricity ratio is indicated. 

The abrupt reduction 
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Measurement of Dynamic Load P rope r t i e s  

There are s e v e r a l  poss ib l e  combinations of primary experimental  

measurements which can be made f o r  subsequent reduct ion  t o  bear ing  

dynamic p r o p e r t i e s ,  depending in  p a r t  on how these  dynamic p r o p e r t i e s  

a r e  t o  be def ined.  Hagg and Sankey (Ref. 3 ) i n  t h e i r  experimental  

s t u d i e s  of bear ing  dynamic p rope r t i e s  i n  the  laminar flow regime 

determined "e f f ec t ive"  s p r i n g  and damping c o e f f i c i e n t s  . 
e f f e c t i v e  c o e f f i c i e n t s  lump toge ther  both d i r e c t  and c ross  coupl ing 

e f f e c t s  t o  desc r ibe  t h e  bear ing p r o p e r t i e s  wi th  four  c o e f f i c i e n t s ;  

one sp r ing  and one damping c o e f f i c i e n t  f o r  both the  major and minor 

a x i s  of t he  s h a f t  displacement e l l i p s e .  Complete s p e c i f i c a t i o n s  

of t he  bear ing  dynamic p rope r t i e s  must inc lude  c ros s  coupl ing co- 

e f f i c i e n t s  because of course there  i s  a normal component of t h e  

s h a f t  response t o  any app l i ed  force  increment. 

s h a f t  displacement e l l i p s e  showing the  var ious  f o r c e s  a c t i n g  on t h e  

s h a f t  t o  produce t h i s  motion. 

is t y p i c a l  of loaded 360 degrees c y l i n d r i c a l  bear ings and a l l  partial-  

a r c  bearings.  The e x c i t i n g  load (P), app l i ed  a t  some ang le  ( @ ) with  

t h e  l i n e  between ins tan taneous  s h a f t  c e n t e r  and the  o r b i t  cen te r ,  r e s u l t s  

i n  the  genera t ion  of o i l  f i lm  e l a s t i c  and damping forces .  The e f f e c t i v e  

c o e f f i c i e n t s  are determined fran t h e  o v e r a l l  s h a f t  response t o  a known 

e x c i t i n g  f o r c e  r o t a t i n g  a t  synchronous speed i n  the  d i r e c t i o n  of s h a f t  

r o t a t i o n .  These e f f e c t i v e  c o e f f i c i e n t s  are a p p l i c a b l e  only t o  dynamic 

loads app l i ed  a t  synchronous frequency and they a r e  dependent on t h e  

dynamical c h a r a c t e r i s t i c s  of the e n t i r e  ro to r -bea r ing  system from which 

t h e  measurements were obtained. 

mic p r o p e r t i e s  app l i cab le  t o  any loading  frequency and c h a r a c t e r i s t i c  

of t h e  test  bear ing  a lone  requi res  4 c o e f f i c i e n t s  each f o r  e las t ic  and 

damping fo rces  t o  desc r ibe  d i r e c t  and c ross  coupl ing e f f e c t s  i n  each of 

two orthogonal d i r e c t i o n s .  

b ina t ions  of measurements and approaches t o  da t a  r educ t ion  f o r  t h e  dynamic 

load bear ing  apparatus  are descr ibed.  

These 

F ig .11  i s  a t y p i c a l  

The e l l i p t i c a l  s h a f t  c e n t e r  locus p a t t e r n  

A complete d e s c r i p t i o n  of bear ing  dyna- 

I n  the  fol lowing s e c t i o n s ,  a l t e r n a t e  com- 



D i r e c t  Determination of Bearing S t i f f n e s s  and Damping 

F r m  iwasurtments of sha f t  i o c u s ,  bearing f o r c e .  and  e x c i t i n g  fDrce 

magnitude and p o s i t i o n .  i t  IS p o s s i b l e  E O  determine r h e  bear ing 

dynamic p r o p e r t i e s  d i r e c t l y  from 5 ~ ~ 1 ~ 1 n ~ t i o r l  o f  the bear ing f a rces  a5 

f o  i i ows ‘ 
K x + K  y + C  x + C  T 7  = F xx YY xx XY” X 

where K & C are t h e  f l u i d  f i l m  s t i f f n e s s  and damping c o e f f i c i e n t s  r e -  

s p e c t i v e l y .  F i s  t h e  f l u i d  film f o r c e  and x, y a r e  the  orthogonal 

coord ina te s ,  as  shown i n  Fig.  11. 

There are  a t o t a l  of e i g h t  direc! and c r o s s  coupl ivg c o e f f i c i s n t s  

r c  be determined s o  i t  i s  necessary to have eighx independenr p o i n t s ,  

Two dara  po in t s  [one i n  t h e  x and one i n  the y d i r e c t i o n )  ccme frcm 

each po in t  on t h e  s h a f t  o r b i t  and twa independenr po in t s  of measure- 

ment e x i s t  f o r  each c h a r a c t e r i s r i c  o r b i r  s o  t h e r e  a r e  j u s t  four  da t a  

p o i n t s  a v a i l a b l e  f o r  any one set of ope ra t ing  cond i t ions .  However 

by changing t h e  frequency of load a p p l i c a t i o n  wi th  no change i n  o the r  

cond i t ions ,  i t  i s  poss ib l e  t o  obtain a new c h a r a c t e r r s c i c  s h a f t  locus 

o r b i t  and o b t a i n  f o u r  more independenc daca poi.nts TrLerefore dlrecr  

determinat ion of bear ing p rope r t i e s  r e q u i r e s  two se t s  of simultaneous 

measurements of s h a f t  locus and bear ing fo rce  f o r  each o f  t w o  €requevcies 

of load r o t a t i o n .  
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B r i e f l y ,  t he  system equat ions  of motion a r e  reduced t o  much more 

s i m p l e  equat ions desc r ib ing  an equ iva len t  system. These equat ions  

a r e  of t h e  form: 

& +-K'x + C$ = cosot  
X 

.. '. 
My + K ' y  + C'y  = simt 

Y Y 

where M, K' and C' are equiva len t  m a s s ,  s p r i n g  cons t an t  and damping 

c o e f f i c i e n t  r e spec t ive ly .  Two independent sets of va lues  of x, x, 

x, y:, y and y are obtained from t h e  measured s h a f t  locus a t  t h e  

tes t  bear ing  assuming a constant  angular  v e l o c i t y  of t he  s h a f t  c e n t e r  

about t he  o r b i t  c e n t e r .  Thus four  e f f e c t i v e  dynamic proper ty  co- 

e f f i c i e n t s  which are dependent on the  system dynamics and the  load 

frequency can be obtained from a s i n g l e  set  of opera t ing  condi t ions .  

.. e -  0. .. 

Comparison between t h e  e i g h t  d i r e c t  and c ross  coupl ing c o e f f i c i e n t s  

p red ic t ed  by t h e  theory  and the e f f e c t i v e  c o e f f i c i e n t s  determined i n  
t h e  above descr ibed  way can be done by reducing t h e  d i r e c t  and cross  

coupl ing c o e f f i c i e n t s  t o  e f f e c t i v e  c o e f f i c i e n t s  as descr ibed i n  

Appendix 2. The converse procedure i s  n o t  p o s s i b l e  wi th  one set of 

e f f e c t i v e  c o e f f i c i e n t s  s i n c e  there  i s  no unique s o l u t i o n .  However, 

it should be poss ib l e  t o  determine t h e  d i r e c t  and c ross  coupl ing co- 

e f f i c i e n t s ,  which a r e  independent of load frequency o r  system dynamic 

c h a r a c t e r i s t i c s ,  from two independent sets of e f f e c t i v e  c o e f f i c i e n t s  

obtained from two experiments with d i f f e r e n t  load frequency. 
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Dynamic Lpad - Experimental Measurements 

Preliminary dynamic load experiments have been conducted using the 

100 degree partial arc bearing, C/R = 2 x 

procedures and refine the apparatus and instrumentation. Because of 

their number, the requirement of simultaneous measurement and the 

necessity for signal filtering, the collection of data is compara- 

tively complex and requires considerable care. The necessary pro- 

cedures and equipment refinements appear to have been made and the 

collection of data for analysis and reduction has very recently begun. 

These data have not yet been reduced to bearing dynamic properties. 

in/in to establish 

The necessary measurements for both of the afore described procedures 

for bearing dynamic property determination are being made. That is, 

shaft motion at both test bearing and support bearing, bearing force, 

and exciting force magnitude, direction and frequency. Comparison 

of the results obtained from the alternate procedures will be made. 

If the results compare well, the direct measurement approach will 

probably be used exclusively for the bulk of the experiments. For 

each condition of shaft speed and steady-state load, measurements at 

two dynamic load frequencies will be made to obtain the complete direct 

and cross coupling dynamic property coefficients. 

Simultaneous position and force measurements at two points on the shaft 

center orbit are obtained by using magnetic pickups to mark the times 

when the exciting force is in each of two orthogonal positions. The 

pulses from the magnetic pickups can be superimposed on the force or 

displacement gage signals to mark the times for measurement. The 

magnitude of the exciting force is determined from knowledge of the 

unbalance weight, its distance from the shaft center and its rotattonal 

speed. 

the angular position of the magnetic pickups which mark its passage 

and which signal the points for force and displacement measurement. 

The direction of the exciting force is known from knowledge of 
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O i l  Film Pressure  Measurements 

Limited low frequency response measurements of o i l  f i l m  pressure  a r e  

planned f o r  comparison wi th  t h e  pred ic t ions  of t h e  t u r b u l e n t  flow 

l u b r i c a t i o n  theory. Or ig ina l ly  it w a s  intended t o  make these  measure- 

ments wi th  a 360 degree a r c  bear ing by r o t a t i n g  the  d i r e c t i o n  of 

a p p l i e d  s t e a d y - s t a t e  load wi th  respec t  t o  a s i n g l e  axial row of measure- 

ment taps .  Because of t he  problem which has been encountered wi th  

v a r i a t i o n  i n  performance wi th  lub r i can t  supply condi t ions  f o r  t h e  360 

degree a r c b e a r i n g  i t  is  now considered adv i sab le  t o  make the  measurements 

w i th  a p a r t i a l  a r c  bear ing.  The e f f e c t s  of l u b r i c a n t  supply condi t ions  

would be aggravated by a change i n  load d i r e c t i o n  wi th  r e s p e c t  t o  t h e  

i n l e t  ho le .  

i s  not  f e a s i b l e  because the  a v a i l a b l e  t u r b u l e n t  flow theory  computer 

program does not  inc lude  provis ion f o r  an  a x i a l  p re s su re  g r a d i e n t  from 

one end of t h e  bear ing  t o  the  other .  

U s e  of a c i rcumferent ia l  groove f o r  feeding t o  avoid  t h i s  

Approximately n ine  p re s su re  t aps  arranged i n  t h e  form of a c ross  wi th  

f i v e  ac ross  the  bear ing  a t  t he  center  of t h e  a r c  and f i v e  around the  

bear ing  a t  o r  near  i t s  mid-plane w i l l  be  used i f  poss ib le .  I f  a c c e s s  

f o r  t h i s  many t a p s  i s  not  ava i l ab le ,  t he  axial  row w i l l  extend t o  one 

s i d e  only. 
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C.  Flow S t a b i l i t y  Experiments 

The flow i n  t he  c learance  gap between a r o t a t i n g  inne r  cy l inde r  and 

a s t a t i o n a r y  ou te r  cy l inde r  develops r e g u l a r l y  spaced p a i r s  of t o r -  

o i d a l  v o r t i c e s  when the  r o t a t i o n a l  speed of t he  i n n e r  cy l inde r  exceeds 

a c e r t a i n  c r i t i c a l  value.  The f low p a t t e r n  i n  t h e s e  v o r t i c e s  is  shown 

i n  Fig.12. 

t h a t  a t y p i c a l  f l u i d  p a r t i c l e  t r a v e l s  around the  c y l i n d e r  i n  a h e l i c a l  

pa th .  These v o r t i c e s  a r e  commonly c a l l e d  Taylor v o r t i c e s  a f t e r  G.I.Taylor 

who f i r s t  a n a l y t i c a l l y  pred ic ted  the  c r i t i c a l  speed a t  which they would 

occur  (Ref.10 ). For the  case  of concent r ic  c y l i n d e r s ,  t he  phenomenon 

~ 

l The vor t ex  tubes extend completely around the  cy l inde r  s o  

I 
i 

-of Taylor v o r t i c e s  has been ex tens ive ly  s tud ied  both a n a l y t i c a l l y  and 

experimental ly .  For non-concentric cy l inders  however, t he  problem of 

the  onse t  of Taylor v o r t i c e s  has not  been solved a n a l y t i c a l l y  and, 

moreover, has not  been s tud ied  experimentally i n  any d e t a i l .  The pre- 

d i c t i o n  of t h e  onse t  of T a y l o r , v o r t i c e s  i n  t h e  flow between non-concen- 

t r i c  c y l i n d e r s i s  of cons iderable  p r a c t i c a l  importance i n  connect ion w i t h  

j o u r n a l  bear ings .  Although a Taylor vor tex  flow, s t r i c t l y  speaking, i s  

s t i l l  a laminar flow and not  a t r u e  tu rbu len t  f\ow, t h e  t r a n s i t i o n  t o  a 

Taylor  vo r t ex  flow is e f f e c t i v e l y  sidilar t o  t h e  t r a n s i t i o n  t o  a turbu-  

l e n t  flow i n  t h a t  both t r a n s i t i o n s  r e s u l t  i n  a d r a s t i c  change i n  t h e  torque 

vs speed r e l a t i o n s  and the  ve loc i ty  p r o f i l e  f o r  t h e  flow. For most 

j o u r n a l  bear ings ,  t he  t r a n s i t i o n  t o  Taylor  v o r t e x  flow w i l l  occur before  

t h e  t r a n s i t i o n  t o  turbulence.  Therefore,  t he  Taylor  vo r t ex  t r a n s i t i o n  

may be considered t o  be of g rea t e r  importance i n  connect ion wi th  hydro- 

dynamic bear ings than i s  the  t r a n s i t i o n  t o  t r u e  turbulence.  

* 

For concent r ic  c y l i n d e r s i n  which t h e  r a t i o  of t he  c l ea rance  gap t o  inne r  

c y l i n d e r  r ad ius  i s  smal l ,  i .e .  l e s s  than 0.1, t he  c r i t i c a l  speed of the  

i n n e r  cy l inde r  f o r  Taylor v o r t i c e s  t o  occur is given approximately by 

qKa = = 41.2 

~- ~~ ~ * 
A b r i e f  v i s u a l  s tudy of Taylor v o r t i c e s  i n  t h e  flow between non-concentr ic  
r o t a t i n g  cy l inde r s  has been made by J.A.Cole (Ref.11). 

cussed l a t e r  a long wi th  the  r e s u l t s  of t he  p re sen t  i n v e s t i g a t i o n .  
This  work i s  d i s -  
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Ta = Taylor Iu’umber 

9 = Rotat ional  speed inne r  cy l inde r - r ad ians l sec .  1 
= Radius inne r  cy l inde r - in .  

R2 = Radius ou te r  cy l inde r - in .  

d = Clearance between cy l inde r s - in .  

v = Kinematic v i s c o s i t y  of f l u i d - i n  /sec.  

R L  

2 

When t h e  i n n e r  cy l inde r  i s  moved t o  an  e c c e n t r i c  p o s i t i o n  w i t h i n  the  o u t e r  

c y l i n d e r ,  t h e  inc reased  clearance i n  the  wide region between t h e  cy l inde r s  

r e s u l t s  i n  a decrease of s t a b i l i t y  of t he  flow i n  t h i s  reg ion .  On the  

o t h e r  hand, the  negat ive p r e s s u r e  flow t h a t  occurs i n  the  wide p a r t  of 

t he  ancular  c learance Setween nan-concentric cy l inde r s  tends t o  s t a b i l i z e  

t h e  flow agairist  t h e  onset  of Taylor v o r t i c e s .  A t h e o r e t i c a l  examinat im 

of t he  s t a b i l i z i n g  e f f e c t  of  t h i s  nega t ive  p re s su re  flow was made by 

D i P r i m a  ( R e f . 1 2 ) .  This ana lys i s  l e d  t o  t h e  conclusion t h a t ,  f o r  s m a l l  

e c c e n t r i c i t i e s ,  t h e  s t a b i l i t y  of flow between r o t a t i n g  cy l inde r s  should 

be less  than t h a t  f o r  concentric c y l i n d e r s ,  whereas, a t  higher  e c c e n t r i -  

c i t i e s ,  i t  should be g r e a t e r .  DiPrima’s a n a l y s i s ,  however, considered 

only t h e  local s t a b i l i t y  of v e l o c i t y  p r o f i l e s  a t  each Circumferent ia l  s t a t i o n  

ap.d was not  an  a n a l y s i s  of t h e  s t a b i l i t y  of t h e  c i r cumfe ren t i a l  flow as 

a whole. 

I n  o rde r  t o  r e so lve  t h i s  important ques t ion  of Taylor vo r t ex  i n s t a b i l i t y  

ketc;een nan-concentric cy l inde r s ,  a t e s t  r i g  was b u i l t  a t  MTI t o  s tudy t h e  

problem experimental ly .  A complete d e s c r i p t i o n  of t h i s  t e s t  r i g  was given 

i n  t h e  l a s t  q u a r t e r l y  progress r e p o r t .  The important dimensions of t he  

t e s t  apparatus  are: 

Inner  cyl inder  O.D. - 3 . 6 4  i n  

Outer cyl inder  I . D .  - 4.00 i n  

Inne r  cyl inder  l eng th  - 22.27  i n  

The onset  of Taylor v o r t i c e s  i n  the  flow between t h e  i n n e r  and o u t e r  

cy l inde r s  was determined by both torque measurements and by v i s u a l  ob- 

s e r v a t i o n .  The torque measurements provided by f a r  t h e  most accu ra t e  and 

unambiguous means of d e t e c t i n g  the  onse t  of v o r t i c e s .  Measurements were 

made f o r  e c c e n t r i c i t y  r a t i o s  from 0 t o  0.891. The e c c e n t r i c i t y  r a t i o  E 
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i s  def ined  as the  r a t i o  of t h e  e c c e n t r i c i t y  of t he  inne r  cy l inde r  

t o  t h e  width of the  c learance  gap. Maximum p o s s i b l e  va lue  f o r  t h e  

e c c e n t r i c i t y  r a t i o  i s ,  of course, 1.0. The f l u i d  used i n  t h e  test  

r i g  w a s  a s i l i c o n e  o i l  having 20 c e n t i s t o k e  kinematic  v i s c o s i t y .  

V i s u a l i z a t i o n  of t he  flow was accomplished by a suspension of very  

f i n e  aluminum.particles i n  t h e  s i l i c o n e  o i l .  

I n  F i g . 1 3 i s  shown a p i c t u r e  of t h e  test r i g  j u s t  a t  t he  speed a t  which 

Taylor  v o r t i c e s  a r e  beginning t o  develop i n  t h e  flow (2.69 rev /sec . )  

The e c c e n t r i c i t y  r a t i o  f o r  t h i s  f i g u r e  i s  E = 0.475. The photograph 

i s  of t he  wide po r t ion  of t he  annulus. A t  t he  condi t ions  shown, the  

v o r t i c e s  do not  remain s teady  i n  t h e  flow bu t  s h i f t  w i th  t i m e ,  develop- 

i n g  i n  some places  and fad ing  i n  o the r s .  This  unsteady vo r t ex  a c t i v i t y  

had no measurable e f f e c t  on t h e  cy l inde r  torque.  

I n  F i g . 1 4 i s  shown the  test r i g  j u s t  a t  t h e  speed where the  torque  

measurements i n d i c a t e  t r a n s i t i o n  t o  developed Taylor vor tex  flow 

(2 .99  rev /sec) .  

and f u l l y  developed i n  the  flow. One should no te  t h a t  t h e r e  i s  about a 

10% d i f f e rence  between the speed a t  which unsteady vo r t ex  a c t i v i t y  f i r s t  

appears  i n  t h e  flow and t h e  t r a n s i t i o n  speed a t  which s t eady  vo r t ex  flow 

occurs .  

This i s  the  speed a t  which t h e  v o r t i c e s  are s t e a d i l y  

For comparison purposes,  Fig. 15 shows f u l l y  developed v o r t i c e s  i n  t h e  

test  r i g  f o r  t h e  case  where t h e  cy l inde r s  are concent r ic .  

spacing of t he  v o r t i c e s  is  the same i n  both the  concen t r i c  and e c c e n t r i c  

cases .  I n  the  e c c e n t r i c  case ,  however, t h e r e  are no v o r t i c e s  a t  t h e  ends 

of t h e  cy l inde r s .  This  i s  due t o  t he  cons iderable  axial flow t h a t  occurs  

a t  t h e  ends of t he  e c c e n t r i c  cy l inders  which s t a b i l i z e s  the  flow near  the 

ends a g a i n s t  development of v o r t i c e s .  

The a x i a l  

I n  Fig. 16 i s  shown a c l o s e  up photograph of t h e  vor tex  flow near  t he  wides t  

p a r t  of t h e  annulus between t h e  cy l inde r s  when t h e  e c c e n t r i c i t y  r a t i o  w a s  

0.475. Direc t ion  of r o t a t i o n  of t h e  inne r  cy l inde r  i s  from r i g h t  t o  l e f t  

i n  t he  photograph. The s t ream l i n e s  of t h e  vo r t ex  flow a r e  c l e a r l y  
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i n d i c a t e d  by s t r e a k s  of t h e  f i n e  aluminum powder suspended i n  t h e  

f l u i d .  

below t h e  photograph. 

The d i r e c t i o n s  of t h e  stream l i n e s  are shown i n  t h e  diagram 

When t h e  cy l inde r s  a r e  concent r ic ,  t h e  v o r t e x  a c t i v i t y  i n  t h e  flow i s  

symmetrical around the  cy l inders .  When t h e  cy l inde r s  are e c c e n t r i c ,  how- 

ever, the  i n t e n s i t y  of vo r t ex  a c t i v i t y  varies cons iderably  around t h e  cy- 

l i n d e r  a l though the  a x i a l  wavelength of t h e  v o r t i c e s  remains cons t an t .  Thks 

c i r cumfe ren t i a l  v a r i a t i o n ' i n  Vortex i n t e n s i t y  i s  shown i n  Fig. 17 where a 

set  of 18 photographs taken a t  20' i n t e r v a l s  around t h e  test r i g  are 

assembled i n t o  a s i n g l e  "unwrapped" v i e w  of t h e  flow around t h e  cy l inde r s .  

The e c c e n t r i c i t y  r a t i o  f o r  t h i s  f i g u r e  is  0.475. 

annulus between the  c y l i n d e r s  i s  a t  8 = 0 and t h e  narrowest  po r t ion  i s  

a t  8 = 180'. Rota t ion  of t h e  inner  c y l i n d e r  i s  i n  t h e  d i r e c t i o n  of in- 
c reas ing  8. The dark v e r t i c a l  l i n e s  a t  8 = 107 , 227O and 347' i n  Fig.17 

a r e  the  t i e  rods connecting the  upper and lower f l anges  of t h e  t es t  r i g .  

The wides t  p a r t  of t h e  
0 

0 

As can be seen ,  t h e  reg ion  of  s t r o n g e s t  v o r t e x  a c t i v i t y  i s  i n  the  wides t  

p a r t  of t h e  annulus and i s  centered a t  approximately 8 5: 50°. 

g r e s s i v e l y  downstream of t h i s ,  as t h e  annular  c l ea rance  decreases ,  t h e  

vo r t ex  a c t i v i t y  damps out  u n t i l  a t  8 = 180 (narrowest p a r t  of t h e  

annulus) t h e  stream l i n e s  appear t o  be  a l l  p a r a l l e l  t o  t h e  d i r e c t i o n  of 

rotation,. A close-up high speed motion p i c t u r e  of t h e  flow a t  8 = 180' 

d i d  r e v e a l ,  however, t h a t  t h e  v e l o c i t y  a t  t h i s  po in t  varies i n  magnitude 

p e r i o d i c a l l y  wi th  Z s o  t h a t  t he re  does appear  t o  be some vor t ex  a c t i v i t y  

s t i l l  p re sen t  a t  t h i s  po in t .  

t o  widen aga in  b u t  v o r t i c i t y  continues t o  be f u r t h e r  damped out  and 

reaches an apparent  minimum of s t r e n g t h  a t  8 = 230°. 

ward, v o r t i c i t y  begins t o  s t e a d i l y  i n c r e a s e  aga in  a s  t h e  w i d e s t p a r t  of 
t h e  annulus i s  approached. 

Pro-  

0 

0 Downstream of 8 = 180 t h e  annulus begins  

0 Ffom 8 = 230 on- 

A s  noted earlier, t h e  p o i n t  a t  which e s t a b l i s h e d  Taylor  v o r t e x  flow began 

i n  the  annulus between t h e  two cy l inde r s  was determined on t h e  bas i s  of 

to rque  measurements. I n  F ig .  18 i s  shown a t y p i c a l  to rque  vs .  r o t a t i o n a l  

speed curve f o r  t h e  case  where t h e  c y l i n d e r s  a r e  concen t r i c .  Up t o  the  

r o t a t i o n a l  speed of 2.16 rev/sec t h e  curve i s  p e r f e c t l y  l i n e a r ,  A t  t h e  
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r o t a t i o n a l  speed of 2.16revlsec the  torque curve 

i n  s l o p e  i n d i c a t i n g  c l e a r l y  t h e  onset of e s t a b l i s h e d  Taylor v o r t i c e s .  

changes sha rp ly  

I n  Figs .18 through 23 a r e  shown torque vs. speed curves measured a t  

d i f f e r e n t  e c c e n t r i c i t y  r a t i o s  up t o  and inc lud ing  an e c c e n t r i c i t y  

r a t i o  of e = 0.891. I n  a l l  cases ,  t he  curves e x h i b i t  t h e  same be- 

havior .  Up t o  a c e r t a i n  c r i t i c a l  speed t h e  torque vs. speed curve i s  

a s t r a i g h t  l i n e  pass ing  through the  o r i g i n  of t he  graph. A t  t h e  p o i n t  

of onse t  of Taylor v o r t i c e s  t h e  torque vs.  speed curve changes s lope .  

A s  e c c e n t r i c i t y  r a t i o  inc reases ,  t he  change i n  s lope  of t h e  torque  

curve a t  c r i t i c a l  speed becomes s t e a d i l y  less abrupt .  

t h e  change i n  s l o p e  i s  s u f f i c i e n t l y  sharp so a s  t o  make it p o s s i b l e  t o  

determine the  c r i t i c a l  speed e a s i l y  t o  a p r e c i s i o n  of b e t t e r  than 2%. 

B e l o w  E: = 0.7 

A t  t h e  h igher  e c c e n t r i c i t i e s ,  E = 0.809 and E = 0.891, t he  torque  curve 

changes s lope  only s l i g h t l y  a t  the c r i t i c a l  po in t  and t h e  p r e c i s i o n  wi th  

which t h e  c r i t i c a l  po in t  can be determined becomes somewhat less, be ing  

about  7%. 

are each accu ra t e  t o  w i t h i n  1%. 

The measurements of torque and r o t a t i o n a l  speed i n  each graph 

Up t o  and inc luding  t h e  e c c e n t r i c i t y  r a t i o  E = 0.707 t h e  c r i t i c a l  p o i n t  

on t h e  torque vs .  speed curves always corresponds t o  the  po in t  a t  which 

s t eady  Taylor v o r t i c e s  were observed t o  be permanently e s t a b l i s h e d  i n  

t h e  flow. A t  t h e  two h ighes t  e c c e n t r i c i t y  r a t i o s  f o r  which measurement 

w a s  made, however (E = 0.809 and E: = 0.891) s t eady  Taylor  v o r t e x  flow 

w a s  never a t t a i n e d .  

w e r e  i r r e g u l a r l y  wavy and e r r a t i c  a s  was t h e  flow i t s e l f .  Q u a l i t a t i v e l y  

t h e  flow had t h e  appearance of having l a r g e  s c a l e  turbulence.  However, 

t he  Reynolds number f o r  t h e  flow based on the  maximum c lea rance  and t h e  

s u r f a c e  v e l o c i t y  of t h e  i n n e r  cy l inder  was only about 700 so t h a t  t r u e  

turbulence should no t  have been obtained.  The torque vs .  speed curves 

f o r  e = 0.809 and E = 0.891 s t i l l  show a break i n  s lope  a t  some c r i t i c a l  

speed a s  do t h e  torque  curves for  lower e c c e n t r i c i t i e s .  Whether t h i s  

break i n  s lope  f o r  t h e  two h ighes t  e c c e n t r i c i t i e s  can s t i l l  be i n t e r -  

p re t ed  a s  a t r a n s i t i o n  t o  Taylor vo r t ex  flow, however, i s  open t o  ques t ion .  

I n s t e a d ,  the "vor t ices"  t h a t  appeared i n  t h e  flow 
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turbance travels around the cylinder with the flow at approximately 

the mean velocity of the flow. When the cylinders were eccentric, this 

vortex wave instability occurred first at a position about 20 

downstream of the widest part of the annulus between the cylinders. A 

picture showing this wave instability at an eccentricity of E = 0.475 

is presented in Fig. 25. 

0 to 40' 

The dark circles in Fig. 24 show the critical speed at which the wave 

instability occurred at eccentricities up to 0.707. These transition 

points were determined visually since the wave instability had no dis- 

cernible effect on the torque curves. No wave instability transition 
was observed for E = 0.809 or E = 0.891 since no steady Taylor vortex 
flow was obtained at these eccentricities. 

The wave instability transition points in Fig.24 are seen to be closely 

parallel to the Taylor vortex instability curve. The region of steady 

Taylor vortex flow is the region between the curves formed by the wave 

instability points and the Taylor vortex points. 

A comparison of the present experimental data with measurements made 

earlier by J.A.Cole is shown in Fig. 26 

was done visually, we have included in Fig. 26 the points at which 

vortex activity was first observed in our present experiments. Although 

Cole's data shows considerable scatter his points lie generally belaw 

.those measured at M.T.I. The nominal radial dimensions of Cole's test 

Since Cole's determination 

rig were 

R1 = 1.5 in. 
R2 = 0.6 in. 

The next aspects of Taylor vortex flaw between a stationary outer cylinder 

and an eccentric inner cylinder to be studied with the M.T.I. test rig are: 

(1) the nature of the flow as Reynolds is increased up to and well beyond 

the point of true turbulence and (2) the effect of axial flow on Taylor 
vortices for non-concentric cylinders. The first of these studies, namely 
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tu rbance  t r a v e l s  around t h e  cy l inder  with t h e  flow a t  approximately 

t h e  mean v e l o c i t y  of t h e  flow. When the  c y l i n d e r s  were e c c e n t r i c ,  t h i s  

v o r t e x  wave i n s t a b i l i t y  occurred f i r s t  a t  a p o s i t i o n  about 20 

downstream of t h e  widest  p a r t  of t h e  annulus between the  cy l inde r s .  A 

p i c t u r e  showing t h i s  wave i n s t a b i l i t y  a t  an  e c c e n t r i c i t y  of E = 0.475 

i s  presented  i n  Fig. 25,  

0 t o  40° 

The dark c i r c l e s  i n  Fig. 24 show t h e  c r i t i c a l  speed a t  which the  wave 

i n s t a b i l i t y  occurred a t  e c c e n t r i c i t i e s  up t o  0.707. These t r a n s i t i o n  

p o i n t s  were determined v i s u a l l y  s i n c e  the  wave i n s t a b i l i t y  had no d i s -  

c e r n i b l e  e f f e c t  on t h e  torque curves. N o  wave i n s t a b i l i t y  t r a n s i t i o n  

was observed f o r  E = 0.809 or E = 0.891 s i n c e  no s teady  Taylor  vo r t ex  

flow was obtained a t  these  e c c e n t r i c i t i e s .  

The wave i n s t a b i l i t y  t r a n s i t i o n  poin ts  i n  Fig.24 a r e  seen  t o  be c l o s e l y  

p a r a l l e l  t o  t h e  Taylor  vor tex  i n s t a b i l i t y  curve. The reg ion  of s t eady  

Taylor  vo r t ex  flow is  t h e  region between t h e  curves formed by t h e  wave 

i n s t a b i l i t y  po in t s  and the  Taylor vor tex  po in t s .  

A comparison of t h e  p re sen t  experimental  da t a  wi th  measurements made 

earlier by J,A.Cole i s  shown i n  Fig. 26 Since  Cole ' s  de te rmina t ion  

was done v i s u a l l y ,  w e  have included i n  Fig. 26 t h e  po in t s  a t  which 

v o r t e x  a c t i v i t y  was f i r s t  observed i n  our p re sen t  experiments. Although 

Co le ' s  da t a  shows cons iderable  s c a t t e r  h i s  po in t s  l i e  gene ra l ly  below 

those  measured a t  M.T.I. The nominal r a d i a l  dimensions of Co le ' s  test  

r i g  were 

R1 = 1.5 in .  

R2 = 0 . 6  i n .  

The next  a spec t s  of Taylor vortex flow between a s t a t i o n a r y  ou te r  cy l inde r  

and an  e c c e n t r i c  i nne r  cy l inde r  t o  be s t u d i e d  wi th  t h e  M.T.I. test  r i g  are: 

(1) t h e  na tu re  of t he  flow as  Reynolds i s  increased  up t o  and w e l l  beyond 

t h e  p o i n t  of t r u e  turbulence  and ( 2 )  t h e  e f f e c t  of a x i a l  flow on Taylor 

v o r t i c e s  f o r  non-concentric cy l inders .  The f i r s t  of t hese  s t u d i e s ,  namely 
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the high Reynolds Number runs, will involve both torque measurements 

as well as visual observations of the flow. High speed motion pictures 

of the f l o w  will also be taken. It is expected that these high speed 

runs will be made at nominal eccentricities of 0, 0.4 and 0.8. Reynolds 

Numbers up to 40,000 will be attained. 

The axial flow runs will involve visual observation of the f l o w  only. 

These runs will also be made at the nominal eccentricities of E = 0, 

0.4 and 0.8 
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1. NOMENCLATURE FCG APPE,N.ZX L 

C mean bear ing c learance  

c o e f f i c i e n t  of  w a l l  f r i c t i o n  i n  t h e  Couette flow cf 

D j ou rna l  diameter 

fc (q),gc(q) 
+ func t ions  of 7 containing t h e  parameter h 

C 

g(Y+) 

Gx 

Gz 

h +  
C 

h 

Hx 

HZ 

k 

I 

L 

N 

P 

‘a 

PV 

Re 

Rn 

R 

t 

U 

U ’  

a func t ion  g iv ing  t h e  universal  v e l o c i t y  p r o f i l e  i n  tu rbu len t  
shear  flows 

c o e f f i c i e n t  which depends on \; defined by equat ion (36) 

c o e f f i c i e n t  which depends on I $ ;  defined by equat ion (37) 

V 

local bear ing gap 

1 /3 
hGx 

1 /3 
hGZ 

mixing length cons tan t ,  taken t o  be 0.4 i n  t h e  p re sen t  work. 

mixing length 

bear ing length 

r o t o r  speed i n  revolu t ions  per  second. 

f l u i d  f i lm  pressure  

ambient pressure  

vapor pressure  o f  t h e  f l u i d  

jou rna l  r ad ius  

VC/v, mean Reynolds number 

Vh/v, l o c a l  Reynolds number 

time 

mean c i r cumfe ren t i a l  v e l o c i t y  component 

t he  f l u c t u a t i n g  p a r t  of t h e  c i r cumfe ren t i a l  v e l o c i t y  component 
ip- a t u rbu len t  flow 



V '  

+ 
U u/uT, dimensionless c i rcumferent ia l  v e l o c i t y  

U 7 
fi , v e l o c i t y  parameter 

V 
-- 
u ' v '  , w'v' 

W 

W '  

W 

Y 

Y 
+ 

Y '  

E 

11 

11' 

V 

w 

~- 
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t h e  f l u c t u a t i n g  p a r t  of t he  t r ansve r se  v e l o c i t y  component i n  a 
tu rbu len t  flow 

journa l  su r f ace  speed 

long per iod  time average of (u ' v ' ,  w'v ' )  

mean a x i a l  v e l o c i t y  component 

t h e  f l u c t u r a t i n g  p a r t  of t h e  a x i a l  v e l o c i t y  component i n  a 
tu rbu len t  flow 

bearing load 

c i r cumfe ren t i a l  and a x i a l  coord ina tes  

coord ina te  normal t o  bearing su r face  

t h e  dimensionless coordinate  f o r  p l o t t i n g  the universal v e l o c i t y  
p r o f i l e  ,. u y l v  

dummy v a r i a b l e  f o r  y 

l o c a t i o n  where e / v  is matched 

v a r i a t i o n  of ( ) from t h a t  i n  t h e  Couette flow 

a cons tan t  r e l a t e d  t o  the  th ickness  of t h e  laminar sublayer ,  taken 
t o  be 10.7 i n  the  present  work 

eddy d i f f u s i v i t y  

y/h,  dimensionless coordinate  noma1 t o  t h e  bear ing  su r face  

dummy v a r i a b l e  f o r  7 

f l u i d  v i s c o s i t y  

kinematic v i s c o s i t y  

r o t o r  speed i n  r ad ians  p e r  second. 

angle  between en t rance  edge of t h e  bear ing  t o  t h e  

magnitude of  t he  l o c a l  shear  stress 

lower and upper w a l l  shears 

shear  stress a t  w a l l  

shear  stress i n  the  Couette flow 

shear  stress components 

m a s s  d e n s i t y  of  t he  f l u i d  

7 

l i n e  of  fo rce  
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Consider a turbulen t  shear  flow which i s  s teady and two-dimensional on the  

average,  and which i s  experiencing a shear ing  stress T~ on the impermeable 

s t a t i o n a r y  w a l l  a t  y = 0. Under t h i s  condi t ion ,  a l a r g e  amount of experi-  

mental  da t a  have shown t h a t  the  mean v e l o c i t y  p r o f i l e  i n  a region near  t h e  

w a l l  can be descr ibed by a universal  c o r r e l a t i o n  known a t  the  " law of w a l l " .  

+ + 1 12 
;where u = u/uT, y = uTy/v Y u 7 = (Tw/P) 

This un ive r sa l  c o r r e l a t i o n  can be used t o  de f ine  an eddy v i s c o s i t y  

R e i ~ h a r d t ' ~ )  proposed an empir ical  formular f o r  6 ,  

= k  [y+ - El + tanh <*)J + 7  
V 

6l 
(3)  

+ which, according t o  Ng"), i f  the constants  k and ~3~ are chosen t o  be 

0.4 and 10.7 r e spec t ive ly ,  c o r r e l a t e s  w e l l  with a l l  p e r t i n e n t  da ta .  

More r e c e n t l y ,  it has been demonstrated t h a t  t he  " l a w  of  w a l l "  a l s o  a p p l i e s  

t o  tu rbu len t  shear flriw.; i p  vhic1' the shear stress v a r i e s  with the  t r ans -  

ve r se  coord ina te ,  provided t h e  loca l  shear ,  i n s t ead  of  the  w a l l  shear ,  is 

used t o  def ine  u . This conclusion i s  c o n s i s t e n t  with the  data published 

by S t r a t f o r d  and T o w r ~ s e n d ( ~ ~ ) o n  turbulen t  boundary l a y e r s  i n  the  presence 

of an adverse pressure  grad ien t .  I f  we assume i so t ropy  i n  t h e  tu rbu len t  

momentum t r a n s p o r t  process ,  t h i s  general ized " l aw of w a l l "  can be app l i ed  

t o  non-planar mean flows. 

I n  applying equat ion ( 3 )  t o  channel flows, 0 5 y 5 h ,  y+ should be re- 

def ined a t  (h-y) u /v in the  range 5 5 y ,< h.  This method of s epa ra t ing  

t h e  e f f e c t s  of t h e  two w a l l s  would introduce an abrupt  change i n  the  t r ans -  

ve r se  d e r i v a t i v e  of f ( y  ). This  s l i g h t  anomaly w i l l  be accepted f o r  

s imp1 i c  i t y  . 

7 

7 

+ 

I n  summary, t he  e s s e n t i a l  f e a t u r e s  of t he  genera l ized  " l a w  of  w a l l "  a r e :  

1. Re icha rd t ' s  formula f o r  eddy d i f f u s i v i t y  

'+ 
f = k  V [ y + - s Q  (3) 



i s  -adopted with the numerical constants 

k = 0.4, and 

2. The velocity parameter, u 

local  shear- 

is based on the magnitude of the total  
7' 

- 

3. Each half channel has its own wall . 

1 
h - 2  o g = ' <  - 

L V < L  2 -  
Y =  



3 .  DERIVATION OF TIIE LINEARIZED TURBULENT LUBRICATION EQUATIorJ 

Two a d d i t i o n a l  assumptions w i l l  be made i n  t h e  course of de r iv ing  t h e  

governing equat ion f o r  the pressure of  t he  tu rbu len t  l u b r i c a t i n g  f i l m .  

The f i r s t  assumption neglec ts  t he  terms corresponding t o  mean i n e r t i a  

and v a r i a t i o n s  of shear  stresses along the  su r face  coord ina tes .  

These equat ions can be inte$rated,and t ak ing  advantage o f  t h e  d e f i n i t i o n  

of eddy v i s c o s i t y  

Fur ther  i n t e g r a t i o n  of equat ions (3) and ( 4 )  y i e l d s  

h I n  equat ions (8) through (ll), T (F) are i n t e g r a t i o n  cons t an t s  which 

a r e  t o  be determined by requi r ing  
XY 

w (h) = 0 

To s impl i fy  the  canputa t ion  o f  eqs. (3) through (8) a second assumption 

w i l l  now be made- the  flow f i e l d  is a small pe r tu rba t ion  of  t he  t u r b u l e n t  

Couette flow. That is  
- 



NOW 

2 = T~ + &rX + 0 (6 ) 

The eddy v i s c o s i t y ,  eq. 

small pe r tu rba t ion  on the  turbulen t  Couette flow: 

( 3 ) ,  can l ikewise be approximated by making a 

where 

. +  

with hc + = - h dT 
V 

Again, i n  the  r ighthand s i d e s  of equat ions (18) and (19) , 7 should be 

replaced by (1 - q) i n  the range 
1 gc (7) a r e  symmetrical with respect  t o  7 = - 
2 -  

1 21 7 2 . Thus both f c (7 )  and 

1. Couette Flow 

Before cont inuing the  der iva t ion ,  we s h a l l  f i r s t  examine the  s a l i e n t  

f e a t u r e s  of the turbulen t  Couctte flow. Equation (10) is reduced t o  

and 
1 

u ( l ) = V =  - hTC j a .  
C CI 0 f C ( T ) )  



O r ,  i n  the dimensionless f om, 

which in essence defines + meter hc . The last  expression can be fur ther  rewri t ten t o  yield the co- 

the Couette Reynolds' number i n  tenus of the para- 

e f f i c i e n t  of wall f r i c t i o n  

7- 

7 
8 

2 
PV' 

C 
n -  

8 = 
1 

Bhi* o c  

8 

Clearly,  t h i s  does not exp l i c i t l y  express the corrmonly accepted power 

l a w ,  C f c Y  

The above r e s u l t s  are ident ica l  to those previously given i n  Ref. 6 

2. Linearized Pressure-Flow Relations 

Subst i tute  eqs. (17) through (19) in to  eqs. (10) and (11) leaving 

out terms-0(6 ), and rewrite in terms of the dimensionless coordinates T): 
2 

u(T)) 



Now, impose the  conditions given by eqs. (123' and (13) and make use 

of eq. ( 2 1 )  we find 

and 

Now, since fc  (q) and gc (q) are symmetrical while (# - q) I s  antisyrmaetrlcal - 

about l) = 4, we conclude 

1 

o c  
s +&)% 

Therefore, comparing equations ( 2 6 )  ( 2 7 )  and ( 2 8 (  it is  found 

7- (5) = Tc (29 
XY 

and 

I- (#I = 0 =Y (30 

Thus equations ( 2 4 )  and ( 2 5 )  can be simplified t o  
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( 3 2 )  

The corresponding f luxes  are 

1 h 
1 udy Vh ( - -  0 2 GxBx) 

h 

0 
J wdy -Vh Gz BZ 

( 3 4 )  

( 3 5 )  

(36) 

( 3 7 )  

Note t h a t  both Gx and Gz depend on and, t he re fo re ,  are func t ions  of 

the l o c a l  f i lm th ickness  h. They have been c a l c u l a t e d  f o r  % up t o  
5 2.5 x 10 

Equations ( 3 2 )  (3'5), and (37);  are, in  fo rm, iden t i ca l  t o  those  

der ived f o r  the  plane P o i s e u i l l e  Flow i n  Ref. 6 .  There is a d i f f e rence ,  

however, i n  the  phys ica l  i n t e r p r e t a t i o n  of fc(q).  Here fc(q) g ives  t h e  

eddy d i f f u s i v i t y  caused by the  Couette shear ;  whereas the  corresponding 

func t ion  f o r  the  plane Po i seu i l l e  flow i n  Ref. 6 is caused by t h e  w a l l  

shear  of  t he  P o i s e u i l l e  flow. 

3. Linear ized  Turbulent Lubricat ion Equation 

The c o n t i n u i t y  condi t ion  f o r  an  incompressible f l u i d  f i lm  is  

S u b s t i t u t e  eqs.  (33) through ( 3 5 )  i n t o  eq. ( 3 8 )  and rear range ,  



I f  we de f ine  

l13  and HZ = h Gz 
113 

Hx = h G  
X 

then eq. (39) becomes 

- 44- 

(40 )  

Equation (41 )  i s , L i n  form,same as the  laminar l u b r i c a t i o n  equat ion.  The 

e f f e c t  of tu rbulence  i s  seen t o  be equiva len t  t o  modifying the  e f f e c t i v e  f i l m  

th ickness  by d i f f e r e n t  amounts dependent on the  l o c a l  Reynolds number i n  the  

two d i r e c t i o n s  on the  l e f t  hand s ide  of t he  equat ion.  

The boundary condi t ions  f o r  t he  ends a r e  

p(x ,  z = L/2) - - Pa 

The x-wise boundary condi t ion  depend on the  bear ing  geometry; f o r  

i n  the  case of a f u l l  j ou rna l  bearing, 

p (x + 2nR, z )  = p (x,z) 

The p o s s i b i l i t y  of f l u i d  f i lm rupture  i s  f u r t h e r  given by the  i d e a l i z e d  

s t r i a t i o n  cond i t ion  

and 

g=O when p = pV 

where p i s  the  vapor pressure  of t he  l u b r i c a n t ;  pressunably it is  t h e  

minimum pressure  t h a t  can be sus ta ined  by the  f l u i d  f i lm.  
V 

( 4 3 )  

( 4 4 )  

( 4 5 )  
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APPENDIX 2 

ANALYTICAL DEVELOPMENT OF EQUIVALENT 

STIFFNESS AND DAMPING FORCES 

H .  Cheng 



Analy t i ca l  Develapment of Equivalent S t i f f n e s s  and Damping Fac tors .  

The bear ing  fo rces ,  i n e r t i a  forces  and the  e x t e r n a l  e x c i t i n g  f o r c e  

a c t i n g  on t h e  experimental  r o t o r  are shown i n  Fig.27 

of the  symbols shown i n  Fig. 

The meaning 

27 a r e  l i s t e d  as follows: 

0 '  - cen te r  of t h e  guide bear ing  

C - c e n t e r  of m a s s  of t he  r o t o r  

A - cen te r  of t he  test bear ing  

B - p o i n t  of a p p l i c a t i o n  of t h e  e x c i t i n g  fo rce  

e 
e 

- d i s t ance  O ' C  i n .  

- dis tance  O ' A  i n .  

- dis tance  O ' B  i n .  

C 

a 

'b 2 M - mass of r o t o r  1b.sec / i n .  

x; Y Xa ,Xc - x coordinates  of 0 ' ,  A ,  C r e s p e c t i v e l y ,  i n .  

Y;,Ya,Yc - y coordinates  of O ' ,  A,  C r e s p e c t i v e l y ,  i n .  

% - mass of t h e  e x c i t i n g  mass (cap screw) 

R - dis tance  of m,, from B 

u) - e x c i t i n g  frequency 

a - angular  speed of t he  s h a f t  

- bearing fo rces  a t  A Fy,Fx 

- x component of t he  i n e r t i a  to rque  

T - y component of t h e  i n e r t i a  to rque  

k - rad ius  of gy ra t ion  about an axis passing 

k - rad ius  of gy ra t ion  about an axis passing 

k - rad ius  of gy ra t ion  about O'Z 
i 

TX 

Y 

through c and p a r a l l e l  t o  O'x 

through c and p a r a l l e l  t o  O'y 

dx 
d t  

X 

Y 

z - -  



- 
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Taking moment of all forces about O ' ,  we have 

where the bearing forces, Fx and F 
T and T are represented by the following expressions, 

and the inertia torques, 
Y' 

X Y 

+ c  9 )  xx a x$a xy a (A31 F -  X --(KXxxa + C ir + K 

F =-(Kyxxa + C  % + K  y + C  9 )  YX a YY a YY a .( .. .., Y (A41 
k - x  a o  

a 

2 2  yo) + M(k - kZ ) Q  ( a 
Y (AS) T X =Mk,(  J? 

a 

Assuming the shaft is a rigid body, the following geometrical re- 

lations prevails, 

C 
a 

x = XI + (a) (xa- x; ) 

= Y:, + (a) (Ya- Y; 1 (A8) YC 

C 0 (A7 1 
a 

C 
a 

a 

Substituting (A3) through (A8) into (Al) and (A2) and dividing then 
by aa, we have, .. .. 

" .. w 

Me ya+ p yi + (K x + C x + K y + C ya)- 13 (xa- xb) = sinrot 
y x a  y x a  Y Y a  w 



where 

k = k  
X Y  

a 

etc. - - - cxxc 
'xx m R L ~ L ~  b 

= x a / C  e t c .  'a - 
Ya = Y a k  e t c .  

C = r a d i a l  clearance of t h e  bear ing 
dx 
d(cut) * 

For s m a l l  o s c i l l a t i o n s  of t h e  ro tor ,  t h e  following s u b s t i t u t i o n s  can be 

and x now stands fo r  - 

i c u t  made, - 
x = A e  a 

i c u t  

i c u t  

- 
y a = B e  

x' = E e 
( A 1 2 1  - 

0 

where A ,  B ,  E and F are  complex a m p l i t u d e o f  o s c i l l a t i o n  a t  A and 0 ' .  

S u b s t i t u t i n g  (A12)  i n t o  ( A 9 1  and ( A l O ) ,  w e  have 

IK + i (C - B)]A + (Kyy- Me + i C ) B = PF - i ( l+PE)  
Y* YX YY 

(A141 
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I f  t h e  motion a t  0' i s  given, then Eand F become known and Equations 

(A13)  and (A14) can be solved for  A and B t o  g ive  

where 

P = Kxx - Me + i Cxx 

s = K  - M e + i C  
YY YY 

u = 1 + PE f if3F 

v = PF - i(l + BE) 

The dynamic system represented  by Eq. (A13) and (A14) can now be re- 

duced t o  a much s impler  equivalent  system conta in ing  only e f f e c t i v e  
' 

x J  d i r e c t  s t i f f n e s s  K ' and e f f e c t i v e  d i r e c t  damping f a c t o r s  C 
X I J  Ky 

without  t he  c ros s  coup l ing . s t i f fnes s  and damping f a c t o r s .  

The equat iorsgoverning the  motion of t h e  equ iva len t  system a r e  

( A 1 8 1  Me'ira + Kx' xa + Cx' ia = coswt 

Comparing (A18) and(A19) wi th  (A15)(A16) w e  ob ta in  t h e  express ion  for t h e  

e f f e c t i v e  s t i f f n e s s  and damping f a c t o r s  a s  follows: 
r I 

f J 
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The correlation between the experimental and theoretical chara- 

cteristics of the test bearing can be achieved by comparing the 

theoretical and experimental effective stiffness and damping 

factors. The experimental effective stiffness and damping factors 

are calculated from motions measured at A 

(A18) and (A19) while the theoretical Kx' 

determined by Equations (A20) through (A23). 

and 0' using Equations 
' , C ' and C ' are ' KY X Y 
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(b) With Bypass Grooves 

Fig .  5 Schematic V i e w  of Par t ia l  Arc Bearing Designs 
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FIG. 12 VELOCITY PATTERN IN TAYLOR VORTEX PAIR 
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Fig. 13 Test Section With Taylor 

Vortices Just Beginning To 

Develop. 

Rotational Speed = 2.69 RPS 

J1/2T, = 53 

E = 0.475 

I 

t 

Fig. 14 Test Section Just At Point 

Where Taylor Vortices Are 

Developed. 

Rotational Speed = 2.99 RPS 

1/2T = 59.4 Ja 

E = 0.475 
I 



F i g .  15 F u l l y  3eve loped  T a y l o r  V o r t i c e s  

for  C o n c e n t r i c  C y l i n d e r s .  

Rotational Speed = 2 . 2 6  RPS 

{ma = 4 2 . 6  

E = O  



F i g .  16  Closeup of  V o r t e x  Flow With 

Diagram I n d i c a t i n g  D i r e c t i o n s  

of S t r e a m l i n e s .  

E = 0.475 
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F i g .  25 Photograph showing Vortex Wave 

I n s t a b i l i t y  f o r  Non-Concentric 

C y l i n d e r .  

E = 0.475 
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Fig.  27 Forces  Acting On Experimental Rotor 


